Our results highlight the local and regional importance of large tussock grasslands as dense C stores and that land management and conservation of these communities needs to be more carbon-conscious.
Introduction
Peat is composed of partially decomposed organic matter and represents one of the densest forms of terrestrially stored carbon (C). Globally the majority of peatlands are found in the cold to temperate wet northern latitudes as well as warm wet regions of central Indo-Asia (Lottes and Ziegler 1994; Vitt 2000) . Deviating from this distribution are peatlands of sub-Antarctic and southern cooltemperate oceanic climates (Joosten 2010; HWSD 2015) . Coastal peat-forming plant communities in the southern hemisphere are fundamentally understudied, notably those characterised by large tussock-forming grasses such as Poa flabellata (South Atlantic Ocean), Poa cookii (South Indian Ocean), Poa tennantiana and Poa foliosa (South Pacific Ocean). The rate of peat accumulation under these grasslands has been suggested to be the fastest in the world, based on 14 C-isotope aging of peat (Smith and Clymo 1984; Smith and Prince 1985) . Yet, the distribution of many of these coastal peat-forming communities has declined significantly over the last century mainly through human activity, directly via clearance (e.g. burning) or indirectly via the introduction of livestock and rodents (Moen and Macalister 1994; Shaw et al. 2011 ). Due to limited records the extent of habitat loss is often difficult to estimate. For example, on the Falkland Islands the land area Abstract Peat-forming large-tussock grasslands on oceanic and sub-Antarctic islands are fundamentally understudied in terms of carbon (C) storage. Here, we quantify both plant and soil C and nitrogen (N) storage for the large tussock grass Poa flabellata in the Falkland Islands, at its most northerly range. In this study, we adopt a spatially explicit sampling approach to accounting for tussock and inter-tussock (between tussocks) areas for three habitats; remnant stands (surviving clearance and overgrazing), restored stands (planted) and eroded bare peat sites. We found that remnant stands of P. flabellata have aboveground C densities of 49.8 ± 9.7 Mg C ha −1 , equivalent to temperate and boreal forests. The majority of above-ground C is stored within the pedestal, a compact accumulation of dead leaves, rhizomes and roots. By surveying restored stands of increasing age we found that such C accrual may take longer than two decades. Soil C stocks were horizontally and vertically spatially variable and did not differ between habitat types. Plant and soil C and N stocks were strongly coupled identifying the important role of N availability for C accrual in this system. Scaling-up our results, planting tussock grass could accrue up to 0.9 million Mg C on a decadal timescale across the islands, yet the impact of replanting on soil C storage is likely to be more variable. dominated by P. flabellata (tussac) has been estimated to have declined by 81% from 22,200 ha to 4000-5000 ha between pre-1840s and 1987 (Strange et al. 1988) . Loss of these large tussock grasslands potentially represents a loss of globally significant peat-forming plant communities, yet to-date there has been no comprehensive quantification of densities of plant and soil C stored within these grasslands.
Loss of tussock-forming plant communities is highly problematic for several reasons. For example, following the loss of these plant communities, exposed peat becomes vulnerable to high rates of water and wind driven erosion (Wilson et al. 1993; Selkirk and Saffigna 1999) . What is more, restoration of eroded areas, whether localised or landscape-scale, can be difficult due to natural/environmental and socio-economic reasons. On uninhabited islands it has been possible to encourage natural recolonisation by removing introduced species by, for example, baiting rabbits on Macquarie Island in the southwest Pacific Ocean (Shaw et al. 2011) or culling reindeer (Rangifer tarandus) on South Georgia in the southern Atlantic (GSGSSI 2014). However, removal of livestock from human inhabited regions is more difficult due to the high economic and cultural value of these practices to local communities. An alternative approach is to re-vegetate eroded areas either by planting grass tillers (living shoots) or re-seeding with the eventual aim of establishing grazing on restored stands. Nonetheless, re-vegetation in remote locations has many challenges, including accessibility, sufficient human labour (i.e. manually collecting seeds or tillers) and exclusion of grazers to ensure plant establishment (Kerr 1994; Cris et al. 2001) . Despite significant effort invested into the establishment of restored stands, there has been no subsequent monitoring of the impact of re-vegetating on ecosystem C storage. For instance, it is unknown whether in the shortterm restored stands negatively influence peatland C storage due to disturbance during planting Carolan and Fornara 2016) or if older restored stands are on a trajectory to store equivalent quantities of C as remnant stands.
Poa flabellata is the most widespread large tussock forming grass in the southern cool-temperate oceanic climate and the sub-Antarctic region, naturally occurring across the Diego Ramirez Islands, Falkland Islands, Gough Island, South Georgia and Tierra del Fuego (KEW 2015: Online Resource 1). Poa flabellata is predominantly coastal (0-350 m a.s.l.) and forms dense monocultures, typically with an un-vegetated inter-tussock area, unless the canopy is interrupted either naturally (e.g. cliffs) or by large mammals (e.g. marine mammals or livestock) (Moore 1968: Online Resource 1). P. flabellata forms a large tussock with an aggregation of living tillers growing on top of a pedestal of accumulated dead leaves, rhizomes and roots (Moore 1968; Broughton and McAdam 2005) . Growing to heights of 3 to 4 m, estimates of total above-ground standing biomass of individual tussocks have been reported up to 360 Mg ha −1 (combined living and dead plant material) (Gunn 1976) . Poa flabellata communities are also internationally important habitats for breeding colonies of sea birds and mammals (Strange 1972; Smith and Prince 1985) , but equally benefit from allochthonous (marine-derived) nutrient inputs that enhance plant productivity (Bokhorst et al. 2007 ) similar to other sub-Antarctic and oceanic large tussock communities around the world (Bergstrom et al. 2001; Ellis 2005) . Nutrient enrichment, particularly forms of nitrogen (N), is likely to enhance biomass production and, therefore, above-ground C storage for mature stands and establishing restored stands.
Globally approximately 20% of P. flabellata is found in the Falkland Islands at the northern limit of its distribution (FIG 2008) . Across the Islands, P. flabellata communities exist as three distinct habitats: old remnant stands that have survived historic and current human land use; restored stands created through planting tillers; and bare soil with limited to non-existent natural recolonisation (Strange et al. 1988) . Thus, the Falkland Islands represent an ideal location in which to evaluate C storage in remnant stands and following restoration. In this study, we conducted an island-wide survey of P. flabellata ecosystem (plant plus soil) C storage across the Falkland Islands: (1) to describe the distribution of plant and soil C and N storage in typical P. flabellata communities; (2) quantify plant and soil C and N stored within different habitats (remnant, restored and eroded), including P. flabellata restored stands of different ages; and (3) using the resulting data, up-scale our estimates of total ecosystem C storage for remnant P. flabellata stands across the Falkland Islands for the historic habitat range as well as the current distribution. By comparing different habitats of tussock grasslands we aim to provide primary data on ecosystem C densities of this ecosystem in different states of succession and development.
Materials and methods

Site selection
The study was carried out in the Falkland Islands, an archipelago with two main islands, East and West, situated between 51°S and 53°S and 57°30′W and 61°30′W, between June and September 2015. The Islands have a southern cool-temperate oceanic climate with mean January and July temperatures of 9.4 and 2.2 °C, respectively average based on data from the capital Stanley; see Jones et al. 2013) , and an average annual precipitation of 640 mm, yet the majority of this falls during winter months with a soil moisture deficient occurring in spring (October onwards; J.H. McAdam unpublished data). The Falklands are particularly windy with average annual wind speed of 8.5 m s −1 (16.5 knots) and a high frequency of severe gale force winds (Jones et al. 2013 (Jones et al. , 2015 . Dominant soil types across the Islands are fibric histosols and umbric leptosols (HWSD 2015) , although this coarse classification of soil types is currently under review (see IUCN 2015) . Wildfires are a component of the island ecology and are present throughout the palynological record (Barrow 1978 ), yet it is mainly human land use, namely livestock rearing, that has shaped vegetation composition and structure over the last two centuries (see Munro 1924; Davies 1939) .
Almost 95% of the land area is under extensive sheep and cattle grazing management with Polwarth-Merino sheep as the dominant grazer, typically at low stocking densities between 0.5 and 0.9 sheep ha −1 (FIG 2015) . The wide cover of grazing tolerant plant communities across the Islands from coast to uplands by small tussock-forming grass, Cortaderia pilosa (whitegrass), and dwarf shrubs, Empetrum ruburum (diddle-dee) and Baccharis magellanica (christmas bush) has been attributed to livestock (Moore 1968; Broughton and McAdam 2005) . As livestock were introduced earlier to East Falkland than to West Falkland, the former had the largest loss of the estimated historic range of P. flabellata, particularly across the northern and eastern coastlines in comparison to West Falkland and its outer islands ( Fig. 1) (Strange et al. 1988) . Given the historic land use of the islands, coastal tussock communities are a mix of three distinct habitats: remnant stands (stands that have survived historic clearance and overgrazing), restored stands (planted P. flabellata stands) and eroded bare peat (without vegetation). In some areas, remnant stands have been able to persist near to eroded areas due to natural barriers to livestock (e.g. cliffs), low stocking rates and/or fencing (Strange et al. 1988) . Due to our interest in sampling these different habitats, many of our sampling sites were found on East Falkland and key outer islands where these three distinct habitats occur in close proximity to each other ( Fig. 1) .
Tussock plant and soil carbon and nitrogen sampling
Between June and September 2015 six farms across the Falkland Islands were surveyed for total plant and soil C and N stocks with sites selected for similar characteristics (current or former dominant species, i.e. P. flabellata, underlying soil type, elevation, slope, annual rainfall and temperature) ( Fig. 1 ; Table 1 ). Within each farm three different habitats of P. flabellata were sampled: remnant stands, restored stands and bare peat (herein referred to as 'eroded'). At a given site different habitats of P. flabellata peatlands were within 1 km of each other, where possible, to minimise variation in underlying geology and climatic factors. Local farmers and landowners with knowledge of the vegetation and grazing management history aided identification of different habitats.
We selected successfully restored stands that ranged in ages from 2 to 23 years since plantation. To minimise density effects on ecosystem C storage, sites restored by hand rather than machinery were sampled to increase the likelihood of more random planting densities. Furthermore, based on discussions with landowners and farmers, prior to sampling we assumed that initial planting density would have a weak effect on overall restored habitat C storage, because the original planted tillers typically die after 3-4 years and older stands become composed of both planted tillers and their seed set (S. Poncet and B. Bernsten pers. com.). Following guidance from landowners and farmers, areas within restored stands where there had been secondary replanting were avoided.
In each of the 18 plots (six sites × three habitats), the distribution of plant and soil C pools was determined for three randomly selected tussock and inter-tussock areas (<0.25 m apart) inside the quadrat area marked out for mapping tussocks densities (see below). Across all remnant and restored sites there was little to no inter-tussock vegetation, therefore, all above-ground C storage is solely that of P. flabellata tussocks. At the top of the tussock, 'shoot' C or living tillers (including attached living roots and rhizomes) on the pedestal were sampled by harvesting three tillers per remnant stand. Tillers were not removed from restored stands so as not to hinder re-vegetation; instead shoot C densities from remnant stands were used to estimate restored shoot C for nearby stands by adjusting for the area of restored tussocks (see below). For both remnant and restored tussock, C stocks held within the pedestal composed of dead leaves, rhizomes and roots were sampled using a Kubiëna tin (7.5 × 6.3 × 3.8 cm) underneath the pedestal surface. Directly below the tussock and inter-tussock surface soil samples (depth 15 cm) were collected using a 4.2 cm diameter bevel-ended corer. Deeper soil samples were also collected between 40 and 60 cm below the surface using an open gouge auger with a 2.7 cm diameter. The latter deeper region was selected based on a change in peat characteristics in remnant stands from fibrous and semi-fibrous peat to humified peat (no visible plant debris) and to contrast surface and deeper organic soil horizon for many eroded sites (see Table 1 ). Maximum peat depth was determined at three random locations within each plot using the gouge auger. Three inter-tussock 5 g soil samples were collected to determine pH H2O using a pH meter (Mettler Toledo, MP 225, USA). On average the soil surface of eroded sites was more acidic than remnant and restored sites (pH 3.69 compared to 4 and 4.05, respectively); yet pH did not relate to C and N stocks and was thus not included in the analysis. After collection, all plant and soil material was stored at 4 °C for a maximum of 3 days before processing. Prior to drying, and to enable us to estimate tiller aboveground biomass, the circumference of each fresh turgid tussock tiller was measured and used to generate a measure of biomass per unit area. All shoot materials were ovendried for 48 h at 80 °C and weighed (±0.01 g). For each soil core, fresh soil was weighed wet and oven-dried for 48 h at 105 °C to remove all moisture and then reweighed. The difference in weight between fresh and oven-dried soil (adjusted for stones) was used to determine field soil water content. Soil samples were sieved (2 mm) to remove any stones, with the volume of stones measured using water displacement. After drying, all plant and soil material was homogenized by blending and using a pestle and mortar. Replicate plant and soil material within different habitats for each site was pooled before chemical analysis. A standard 200 mg sub-sample of pooled samples was used to determine carbon and nitrogen concentration on an elemental analyser (VarioCubeMax, Germany).
Spatially heterogeneous tussock stocks
To upscale above-ground C and N stocks we adopted an approach to account for the spatially heterogeneous distribution of grass tussock structures by mapping all the tussocks within a quadrat (see Smith et al. 2014) . For both remnant and restored P. flabellata stands a 10 m × 2 m quadrat area was marked out following random cardinal directions. Detailed records were made of all individual tussocks structures within the area. Records included total number of alive and dead tussocks within a quadrat, circumference of each tussock and corresponding height of pedestal from the ground surface to the base of the living tillers. From these measurements the surface area of each tussock was calculated surface area = circumference 2 × (4∕ ) . Measured parameters from 214 living tussocks ranging in size from 0.004 to 5.4 m 2 were used in this study. The height of each pedestal was then multiplied by tussock area to provide an estimate of the pedestal volume. Total biomass for each quadrat was then calculated for all tussocks, first by summing shoot area and pedestal volume and multiplying it by their biomass densities. Shoot and pedestal biomass were then multiplied by respective C and N concentrations, and storage was expressed as mega-grams C and N Mg ha −1 . Separate tussock and inter-tussock total organic soil C stocks were calculated for both surface soil horizon (depth 15 cm) and a deeper horizon (depth 50 ± 10 cm). Surface soil C stocks represent the mean bulk density of three replicate cores, while deeper soil cores were derived from the gouge auger samples for both tussock and inter-tussock at each habitat. To compare surface and deeper horizons, soil depth and bulk density within the core and auger were extrapolated to a standard 15 cm depth and estimated C and N stocks adjusted accordingly. A volume-based measure of soil C and N storage was calculated from soil bulk density (without stones >1 mm), core volume and C and N concentration and scaled to C and N Mg ha − 1 .
Ecosystem and island-wide carbon storage
Total ecosystem C and N were calculated by combining both tussock and inter-tussock plant and soil pools. For each quadrat, average plant plus soil tussock and inter-tussock C and N storage was adjusted for the relative area of these structures. We estimated C and N storage to a total depth of 50 cm. The upper half of the profile (0-25 cm) was estimated by extrapolating C densities derived from the surface soil core, while the lower half (25-50 cm) was extrapolated from the deeper auger soil core. A 25 cm cutoff was used as this is where deeper soil C densities start to significantly differ from surface soil for most grasslands (see Ward et al. 2016) . We acknowledge that deeper peat and mineral horizons are likely to contain significant quantities of C and N; however, peat profiles deeper than 50 cm were not consistent across sites or habitats. Total peat depth was only marginally significantly different between habitats (ANOVA; F 2,27 = 3.2, p = 0.056, square root transformed) where remnant stands were deeper than eroded sites, but neither habitat differed in depth in comparison to restored stands (see Table 1 ).
To scale up ecosystem C stored in remnant P. flabellata stands across the whole of the Falkland Islands, we generated an estimated total land area dominated by P. flabellata using data from a series of island-wide field surveys conducted between 1983 and 2013 (data from South Atlantic Research Institute, http://south-atlantic-research.org/ ims-gis). These surveys covered 531 of the 776 islands of the Falkland Islands, or approximately 68.4% of all islands belonging to the island group. The shortfall in the number of islands is likely to reflect smaller islands of less than 1 ha area and inland islands being omitted from the majority of the surveys. As a part of these surveys P. flabellata area was estimated in situ either on foot or viewed from a boat and assessed as either (1) percentage area of an island dominated by P. flabellata or (2) estimated total area in hectares covered by P. flabellata. For islands where only percentage area dominated by P. flabellata was provided, the area in hectares was estimated using the total area of the island using geospatial software qGIS (2.4.0-Chugiak, 2014). For islands visited multiple times across the different surveys, we have used the most recent estimate of vegetation area. From these surveys, the total P. flabellata dominated land area on outer islands was 5663 ha, whilst land area dominated by P. flabellata remaining on the two main islands was estimated at 65 ha (Strange et al. 1988 ). Based on these surveys, the current remnant P. flabellata land cover was estimated to be 5728 ha in total across the Falkland Islands. Total above-ground, total soil C (combined 15 and 50 cm estimates) and ecosystem C (plant plus soil) for remnant stands was scaled-up to the current land area of P. flabellata and for the estimated area pre-1840s area of 22,200 ha (Strange et al. 1988 ).
Statistical analysis
Total above-ground C and N storage (shoot plus pedestal), surface soil (15 cm), deep soil (50 cm) and total ecosystem storage were analysed using separate linear mixed effect models with residual maximum likelihood estimates (REML) via the lme4 and nlme package (version 3.2.2, R Development Core Team 2014; Bates and Maechler 2010). The fixed effect for total above-ground stocks and ecosystem storage was habitat (remnant, restored, eroded) and covariates were pedestal to shoot biomass ratio and average tussock size. To explore the effects of spatial heterogeneity, for surface and deep soil C and N stocks the fixed effect was whether the sample was a tussock or inter-tussock. All models included farm as random factor, thus accounting for the grouping of different habitats. For each factor, we presented results of the best model retained based on minimum Akaike's Information Criterion (AIC) and factor significance was assessed by removing it from the best model and performing likelihood ratio deletion tests (LRTs) (Pinheiro and Bates 2000). Statistical significance of the different habitats was obtained through formulating contrast statements between habitats within the same model structure (see Hothorn et al. 2008; Cichini et al. 2011 ). Soil C and N concentrations were tested using the same method as outlined above. As only above-ground biomass was collected from remnant stands, shoot and pedestal chemical concentrations were analysed using ANOVAs. Similarly for restored stands only, above-ground and soil C and N stocks were analysed separately using an ANOVA in relation to restored stand age only. We did not include other factors in the restored stand only model due to significant positive co-linearity between restored stand age, tussock size and density. All means are presented with standard errors (mean ± SE).
Results
Above-ground Poa flabellata carbon and nitrogen storage
Poa flabellata pedestals, structures comprising accumulated dead leaves, rhizomes and roots, were the largest above-ground C pool (Fig. 2) . On average across the islands, pedestals in remnant stands contained 37.8 ± 9.6 Mg C ha −1 and in restored stands 2.4 ± 1.2 Mg C ha −1 , approximately 72 and 25% of the total above-ground C stock, respectively. A higher pedestal to shoot biomass ratio correlated strongly with greater total above-ground C storage (Table 2 ; Fig. 3a) . However, the importance of welldeveloped pedestals for total above-ground C stocks was more significant for remnant stands than restored stands. When analysing restored stands separately, the pedestal to shoot ratio did not correlate with total above-ground C (ANOVA; F 1,4 = 0.22, p = 0.661). Furthermore, plant material was more compact in pedestals from remnant stands, with a bulk density of 0.15 ± 0.06 g cm −3
, compared to restored stands 0.07 ± 0.06 g cm . Total above-ground (shoot plus pedestal) carbon stocks were significantly greater in remnant stands 49.8 ± 9.7 Mg C ha −1 than in restored stands 6.7 ± 3.1 Mg C ha −1 (Table 2 ; Fig. 2 ). Older restored stands were larger stores of above-ground C (ANOVA; F 1,4 = 23.9, p = 0.008), had higher densities of tussock (youngest to oldest 0.2-1.75 m −2 ) and contained larger individual tussock size (0.07-0.33 m 2 ) in comparison to younger restored stands (Fig. 3b) . Based on this analysis, accrual of restored aboveground C and associated tussock parameters appeared to take over a decade and a significant difference was only detectable due to the two oldest sites survey. Older restored stands were similar in density and size to remnant stands; yet the oldest restored stands surveyed only stored half the total above-ground C of the smallest remnant stand C stocks (Fig. 3b) . For both remnant and restored stands there was no relationship between above-ground C storage, tussock density and size for remnant stands (Table 2) .
Above-ground N pools were similarly distributed as C pools, with pedestals as the largest store. For both remnant stands and restored stands pedestal to shoot ratio correlated positively to total above-ground N stocks (Table 2 ; Fig. 2 ; restored stands only, ANOVA: F 1,4 =9.85, p = 0.035). Unlike C stocks, there was no significant difference in above-ground N stocks between habitats likely due to the low replications within the study, although stands with larger tussocks, namely old restored stands and remnant stands, had on average greater N above-ground stores (Table 2 ). Pedestal and shoot C and N concentrations were unrelated to each other across plant and soil pools, apart from a weak positive correlation between shoot N and pedestal C concentration (remnant stands only, ANOVA: F 1,4 =5.26, p = 0.084). Above-ground C and N concentrations were unrelated to habitat, pedestal to shoot ratio or average tussock size (data not shown).
Below-ground Poa flabellata carbon and nitrogen storage
Surface soil was the densest C store in the P. flabellata ecosystem, containing on average three times as much C as above-ground stocks for remnant stands and 83 times as much as restored stands (Fig. 2) . Soil organic C was spatially and vertically heterogeneous in distribution with significant differences between inter-tussock and tussock stocks for remnant stands (Table 2) but not for restored stands (restored stands only, ANOVA: F 1,25 =2.85, p = 0.107). Surface soil (15 cm) C stocks were 29% greater in the inter-tussock than underneath tussock, yet spatial distribution was reversed deeper down the soil profile (50 cm), where soil C underneath tussocks was 40% greater than in inter-tussocks. Soil C densities were more consistent through the soil profile underneath tussocks for remnant stands, declining only by 14% for tussocks compared to 89% for inter-tussocks. Changes in soil C densities were related to soil bulk density. Tussock soil bulk densities declined from the surface to deeper horizons from 0.19 to 0.14 g cm 3 , whereas for intertussocks soil bulk densities reduced from 0.25 to 0.12 g cm 3 in remnant stands. Surface soil bulk densities were significantly lower underneath tussocks than in the intertussock area (linear mixed model; X 2 = 5.489, df = 1, p = 0.019), yet there was no difference in the deeper horizon. Total soil N stocks showed a similar spatial and vertical heterogeneity with tussock and inter-tussock as soil C stocks ( Fig. 2; Table 2 ). Surface soil from remnant stands was wetter than restored or eroded habitats, with 270% water per oven-dry soil weight compared to 176 and 216% water per oven-dry soil weight, respectively (linear mixed model; X 2 = 14.479, df = 1, p = < 0.001). Soil water content was lower beneath tussocks compared to inter-tussocks, but this difference was non-significant. Deeper soil was wetter, averaging 331% water per ovendry soil weight across all samples, yet there was no difference in deep soil water content between habitats or in relation to tussock structure.
Habitat carbon and nitrogen soil and ecosystem stocks
There was no difference in surface soil (15 cm) or deeper (50 cm) soil C and N stocks between remnant stands, restored stands and eroded peat ( Fig. 2; Table 2 ). Equally there were no differences between habitats in ecosystem C and N stocks when accounting for the relative tussock and inter-tussock area (Table 2) . Furthermore, C and N storage were not related to restored stand age (data not shown). Nevertheless, soil surface properties differed between habitats: remnant stands had lighter fibrous peat with a lower bulk density compared to the denser horizons of eroded sites (z 30 = 2.38, p = 0.045) and restored stands (z 30 = 3.63, p = < 0.001). Surface soil C concentrations were significantly higher for remnant stands compared to eroded bare peat sites (z 30 = 2.69, p = 0.019), but not greater than for restored stands (z 30 = 1.80, p = 0.169). Bulk density and C concentration for deeper soil horizons across habitats did not differ (data not shown).
Ecosystem C and N stocks were unrelated to habitat, but positively correlated with larger average tussock sizes (Table 2) . Up-scaling ecosystem C storage to an archipelago-wide scale, current storage in the Falkland Islands is approximately 2.32 million Mg C compared to a historic (pre-1840s) storage potential of up to 9.02 million Mg C (Table 3) . Given the limited difference between habitats, increasing the current range of P. flabellata is unlikely to have consistent effects on soil C storage. Nevertheless, restoring above-ground storage across the historic range, P. flabellata could accrue up to 0.81 million Mg C over several decades. 
Discussion
This study highlights that large tussock-forming grasslands distributed across southern oceanic and sub-Antarctic islands are locally and regionally important plant and soil carbon stores. Building upon former studies that have sampled individual tussocks (Gunn 1976) and by accounting for the spatial distribution of tussock structures, we have provided a realistic quantification of ecosystem C storage. Tussock above-ground C is stored in pedestals similar to other semi-arid grasslands accruing organic matter in a hummocks or mounds (Burke et al. 1998 (Burke et al. , 1999 ), yet these pedestals are one of densest grassland C stores in the world.
Results from this study across restored stands of increasing ages demonstrate that the formation and accrual of C in pedestals can take several decades. Tussock structures equally related to the soil C stocks with horizontal and vertical variations in soil C storage. Surprisingly, we found little difference in soil C storage between habitats, potentially highlighting the role of crusts, or hardened desiccated peat on the peat surface that inhibit erosion (Campbell et al. 2002; Warburton 2003) and that may enable unvegetated deep peat deposits to persist on the Falkland Islands. Nevertheless, differences in the quality of the peat surface between eroded and remnant tussock stands suggest that a historic loss of vegetation has led to a loss of fibrous surface peat. On an island-wide scale, we predict that planting tussocks can increase above-ground C stocks over several decades, while changes to total soil C storage in the initial few decades are likely to be variable. Writing on the natural history on Beauchêne Island, Smith and Prince (1985) noted 'the tussac [P. flabellata] ecosystem is closely comparable with a forest of evergreen trees'. In this study, we have calculated that P. flabellata grasslands can store equivalent densities of living and dead above-ground C (31-93 Mg C ha ) climates (Dixon et al. 1994; Lal 2005; Fang et al. 2006; Keith et al. 2009; Thunder et al. 2014) . In large tussock communities, above-ground C is concentrated in the form of compact dead leaves, rhizomes and roots. In addition to this study showing that pedestal C is accrued on a decadal timescale, radiocarbon dating has shown that pedestals are long-term C stores with an average age of 290 ± 40 years (Smith and Prince 1985) , indicating that P. flabellata above-ground C pools can persist longer than many soil C fractions (Schmidt et al. 2011 ). In addition, soil C fractions of smaller tussock-forming communities in the southern hemisphere have predicted turnover times of 100-400 years (Tate et al. 1995) . However, pedestal formation depends on both plant growth and decomposition rates, which are both in turn underpinned by climatic factors and nutrient availability. Spanning both cool-temperate oceanic and sub-Antarctic climes, rates of pedestal formation and development for P. flabellata could vary across this temperature gradient. Yet, related sub-Antarctic species on Macquarie Island show weak temperature plasticity in growth rates (Medek et al. 2007 ) and studies of seasonal carbohydrate cycling suggest a potentially similar weak growth response from P. flabellata (Gunn and Walton 1985) . Instead, variations in soil moisture and nutrient availability may be drivers for differences in growth and pedestal formations for this species (Smith 1985) . Further research is needed across the entire distribution of P. flabellata to understand the biogeochemical processes that allow these dense C pedestals to persist above-ground. From an above-ground C perspective, large tussock grasslands of southern oceanic and sub-Antarctic islands are a unique system and differ from the traditional view of grassland above-ground C stocks as small and temporary composed of highly decomposable leaf and herbaceous material.
Primary data on peat depth, bulk density and carbon content are often lacking from remote peatlands in arctic and tropical systems (Page et al. 2011 ), yet such data on remote oceanic and sub-Antarctic islands is even scarcer. In this study, our calculations of soil C stocks to a depth of 50 cm for P. flabellata grasslands at 356 Mg C ha −1 are in line with global averages for histosols at 425 Mg C ha −1 (Batjes et al. 1996) . However, soil C storage in the temperate ecosystem on the Falkland Islands is denser than in its counterpart peatlands in the northern hemisphere (190-270 Mg C ha −1 at an equivalent depth) (Garnett et al. 2000; Ostle et al. 2009 ). At the same time, soil C storage may be greater for large tussock grassland communities in colder climates, i.e. islands within the sub-Antarctic. For instance, P. flabellata communities on Beauchêne Island, the most southerly island of the Falklands Islands, had a maximum peat depth of 13 m deep (Smith and Cylmo 1984; Smith and Prince 1985) , whilst the deepest profiles in this study were 3.7 m. Equally noteworthy is the role of soil depth in influencing our estimates of both total soil and ecosystem C storage as well as the role of potential differences between habitat types. In this study, we restricted our estimate of total soil C to a depth of 50 cm, yet two-thirds of our sites had deeper peat profiles (Table 1) . A recent survey of deep grassland soil C found a 54% increase in estimated total soil C sampling to a depth of 1 m compared to 60 cm (Ward et al. 2016) . Typically eroded and restored habitats had shallower peat profiles than remnant habitats, yet overall peat depth did not significantly differ between habitats in this study. Nonetheless, given the latter, remnant habitats could store more soil C than restored or eroded habitats when accounting for deeper soil C (i.e. below 50 cm). On the other hand, unvegetated and recently planted P. flabellata habitats can retain deep peat profiles as found in some of our sites, and such deposits may persist due to the variations in topography, wind exposure and proximity to seabird and marine mammal colonies. Despite this study providing useful primary peatland data on remote oceanic islands, further work that accounts for deeper peat underneath such large tussock forming communities is needed to improve our estimates of soil and ecosystem C stocks. Due to limited resources in remote locations, it is often necessary to prioritise conservation strategies (McCauley et al. 2013 ). On the Falkland Islands, both the restoration and protection of P. flabellata have challenges (FIG 2008) . For example, anecdotal evidence suggests that restored stands have had a low success rate on the Islands (Kerr 1994) . At the same time, opportunities exist. As our study shows, ecosystem C storage is strongly coupled with N and larger tussocks store more N, even to the extent that a weak correlation between pedestal C and shoot N indicates potential soil mineralisation within pedestals. Thus, the importance of N for large tussocks could be utilised by establishing restored stands near seabird and marine mammal colonies (Smith and Cylmo 1984) . For remnant stands, many farmers still graze cattle on P. flabellata during the winter months. In other tussock grassland systems, livestock grazing has been shown to reduce tussock densities and consequently plant and soil C storage after several decades (Burrow et al. 2012 ), yet grazing may have only a limited impact when it is seasonal and/or undertaken at low-stocking densities . Although our results found little relationship between tussock density and C storage in remnant stands, for restored stands aboveground C was positively related to tussock density, suggesting that more work is required to determine when to graze established restored stands. Overall, in terms of C storage, this study supports greater protection or, at the minimum, appropriate management of remnant stands to store C, because accruing equivalent quantities of C in restored stands may take decades to centuries.
Grassland communities on oceanic and sub-Antarctic islands have been shaped by human land use and management. Many of these islands are internationally important biodiversity hotspots; yet, as this study shows, these islands are also globally important C stores. To verify our findings, more primary soil C data is required for related large tussock-forming species on other islands and such studies will need to adopt a spatially heterogeneous sampling approach. Internationally, the offsetting of CO 2 emissions has focused strongly on planting forests and improving forest practices, yet such methods are not appropriate on naturally tree-less islands. Instead, protecting, appropriately managing or planting large tussock grass provides an option for island communities in the southern hemisphere to store equivalent quantities of C on a decadal timescale.
